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INTRODUCTION 
In order to study the intermolecular interactions in the 
cases of pure liquids as well as in their mixtures, a number of 
theories were proposed » » °> '» , The mechanisms of inter-
molecular interactions in molten salts and their mixtures were 
explained by applying these theories, although some of them 
were employed in their modified form. Even though these theories 
were originally meant for non-polar liquids, they were success-
fully employed to explain the behavior of molten salt systems. 
The equilibrium properties of a liquid are known to depend 
on its local structure, e.g., packing density and free volume, 
etc., which in turn, depend on the form and volume of the mole-
cules, implying the variation in their thermodynamic properties 
with composition. 
The ultrasonic velocity data were employed to evaluate the 
1 2 thermodynamic properties of liquids and liquid mixtures * 
3 
including those of the molten electrolytes . 
The intermolecular interactions in molten salts and their 
binary mixtures were understood in a better way by studying the 
ultrasonic velocity and its derived parameters. 
: 2 : 
47 
Attempt has also been made to understand the non-
ideality of binary mixtures in terms of their excess thermo-
dynamic functions. 
Various equations which have been applied for the evaluation 
of ultrasonic velocity in molten salts are the Nomoto*s relation , 
38 the ideal mixing relation of Van Dael and Van geel , the collisior 
55 56 factor theory of Schaafs * and the free length theory of 
54 7 8 9 
Jacobijon besides Flory's statistical theory * ' . 
First, in 1943, a theory for the evaluation of ultrasonic 
53 
velocity was proposed by Eyring and Hirschfelder which was 
54 later extended by Jacobson for the mixture. 
homoto proposed a relation for the evaluation of ultrasonic 
velocity in molecular liquids the form of which was modified by 
18 Subranianyam and Bhimsenachar for explaining the behavior of 
molten salt systems. The deviation from linearity in Nomoto's 
relation was considered as the measure of non-ideality in the 
mixtures. 
55 56 Schaafs * obtained an expression for evaluating the 
ultrasonic velocity in pure liquids, the application of which 
50 
was ex-iended to binary liquid mixtures by Nutsch-Kuhnkies . 
The ideal mixing relation was proposed by Van Dael and Van 
geel, which was found to give better insight into the inter-
molecular interactions than the Nomoto's relation. 
34—42 
riory's statistical theory has been applied to 
evaluate the reduced and the characteristic parameters of pure 
components as well as of their binary mixtures. It has been 
appli€id successfully to evaluate the viscosity and the ultrasonic 
velocity of liquid mixtures , the excess thermodynamic properties 
11 12 
and the viscosity of molten salts ' and their binary mixtures, 
13 
as well as of liquid inert gases, fluid nitrogen and water. 
Recently Z. Junjie (1982) has proposed an equation for the 
calculation of ultrasonic velocities in binary mixtures. This 
equation has been found to yield better results than that of the 
52 Flory theory; and equally well for the ternary systems 
With a view to demonstrating the successful applicability 
of some of these theories to molten salt mixtures, the low 
melting systems viz (a) Ca(N03)24.31 H20--Cd(N03)2 4.34 HgO 
(b) Zn(N03)26.33 H20-Ca(N03)24.1H20, (c) Zn(N03)26.16 H20-Cd(N03)2 
21 4.1 H2O were chosen besides examining several other systems of 
varied nature. 
: 4 : 
THEORETICAL ANALYSIS 
Studies in the ultrasonic velocity have been adequately 
employed in understanding the molecular interactions in pure 
liquids, binary and ternary mixtures, single and mixed salt 
solutions as well as in elctrolytic solutions. Attempts were 
made to evaluate the ultrasonic velocity by employing proposed 
models which help in understanding the intermolecular interactions, 
53 In such an attempt, Erying and Hirschfelder proposed 
theii model for the evaluation of ultrasonic velocity. This has 
led to correlating the free length, L^, with the available volume, 
V^ and the surface area per mole, Y as, 
a 
L. - ^ (1) 
^ Y 
in which V„ = V-p - V^, where V^ and V^ stand for the molar 
a ' o 1 0 
volumes at the absolute temperature, T and the absolute zero, 
respectively. 
V is expressed as, 
V = ( 1 - - ^ )0-3 (2) 
c 
where T is the critical temperature. Y can be expressed as, 
V = (3611 NV/)^/^ (3) 
where N is the Avogadro*s number. 
t 5 : 
The -.Intermoleculax free length in the case of binary mixtures 
is expressed as, 
2[Vm-(x Vo,+x Vo^)3 
L.(mix) = ^ ^ ^ ^ (4) 
^ (x^Y^ + X2Y2) 
where Vm is the molar volume of the mixture. The ultrasonic 
48 54 
velocity in a mixture can be obtained using the Jacobson's ' 
formula, 
^ = Lf(mix)W2 ^^ ^ 
in which K is a temperature dependent constant. 
The variation of the ultrasonic velocity in solution depends' 
on increase or decrease of L^ after mixing. On the basis of a 
38 
model for sound propagation proposed by Erying and Kincaid , the 
Ultrasonic velocity should increase if Lx. decreases as a result 
of mixing the two components. They have indicated that L^ is a 
predominant factoi'-.in determining the variation of ultrasonic 
velocity in a solution. Intermolecular free length of binary 
14 liquid mixtures of associating liquids is found to vary with 
change in mole fraction of one of the components. 
The ultrasonic velocity calculated using the Jacobson's 
relation do not show good agreement with the experimentally deter-
mined value, for the molten salts unlike those of the organic 
liquid mixtures. The reason for the failure of Jacobson's free 
: 6 : 
length theory seems to have been caused by considering the 
molecules as hard spheres such that the intermolecular inter-
actions are very weak in molecular liquids (for which it was 
designed) compared to the ionic liquids like molten salts and 
their mixtures. 
Faced with such a difficulty, the ultrasonic velocity was 
obtained by using the Nomoto equation which was based on the 
linecir dependence of molar ultrasonic velocity, R, 
R = x.^ R^  + x^n^ (6) 
on those of the pure components, R, and R2 while K, and x.- are 
their mole fractions. The molar ultrasonic velocity may also be 
expressed as, 
R = MU^/^//= VU^/^ (7) 
in which / stands for the density of the medium. The molar 
volume being additive in nature is expressed as, 
V = x.^ Vj^  + X.2V2 (8) 
On substituting the values of R and V and rearranging, equation 
(6) takes on the form, 
V X;^V^ + X2V2 
In viow of the successful applicability of these relations in 
• 7 • 
• ' • 
18 
molecular liquids, Subramanyam and Bhimsenachar proposed the 
expression, 
R = ms^^^/f = vi?/^ (10) 
for obtaining the molar ultrasonic velocity in molten salt 
syst<>ms. The applicability of equation (10) has been extended 
to bj.nary mixtures of molten salts, 
•1^ 1 ^  ^ 2^2 " = (4-)^/' = ( 4 ^ ^ ^ ^ ^ ) ^ / ^ (^ )^ 
The deviations from linearity in Nomoto*s relation have 
been considered as a measure of non ideality of mixtures. 
The ultrasonic velocity in mixtures can also be evaluated 
D 
by using the adiabatic compressibility relation given by Van Deal 
49 
and Vangeel , 
where im, 9 and Y refer to the ideal mixing, the volume fraction 
and the principal specific heat ratio, respectively. It is found 
to be applicable to ideal mixtures, satisfying the condition that, 
Y;L = ^ 2 = Y(im) 
Consequently, equation (12) takes on the form, 
P^dm) = e, ^ ^^ + 0-^  ^ 3^ (13) 
The P_(im) may also be expressed as 
Pgdm) =xip3^ +x.2p (14) 
! 8 ! 
for v/hich V, = ^o* 
Consoquently, the u l t rasonic ve loc i ty may be wr i t t en as , 
A— + h (15) 
K^M^ + X2M2 U^(iin) U^^ }K^^ 
where M, and M2 are the molecular weights of the two components. 
Van Dael and Vangeel considered the non-identity in the 
2 / 2 
nitrogen-oxygen system in terms of the ratio, u « /U im 
varying with mole fractions. The Ug^j^ and U. stand for the 
experimental and the ideal mixing velocities, respectively. As 
the non-ideality depends upon the extent of intermolecular inter-
actions, the ratio, U OXD''' ^^^ been employed for such studies, 
4 
Pandey et al have studied the variation of this ratio with mole 
fraction of the components of the molten alkali halide mixtures. 
0 0 
The deviation of U gj,-,/^  "-• from unity is a direct measure of 
the product, (U/U^ j^j) (V/V^ j^ )^ (fi.^ ™^/^ j), imploying its use as a 
measure of non-ideality in the cases of molten electrolyte 
p 
mixtures. Furthermore, the volumetric excess functions like V , 
a and ^^ have been found to increase with increase in the inter-
ionic separations in the cases of molten alkali halides. 
Although Nomoto's relation yields better results in agreement 
with those of the experimental values, it is not able to predict 
inter.actions as successfully as that of the Van Dael and Vangeel 
relation. 
. Q . 
• i' • 
55 56 Based on the collision factor theory, Schaafs ' 
developed an expression for the ultrasonic velocity in pure 
liquids, „ 
U = U„ S-f- (16) 
where U^ = 1600 m/s, S is the collision factor and B/V = r^, 
whic^ i is the space filling factor, B is the actual volume of 
molecules per mole and V is the molar volume of pure liquid, 
Nutsch-Kuhnkies extended equation (16) to binary liquid mixtures 
by expressing U ^ j, as, 
"mix = "» ("l^ l + Xa^s^ ('^ '^  V "^^^ ^ (1^' 
m 
The actual volume of molecules per mole (B, and B2) for the 
pure components is given by 
B = |n r ^ \ (18) 
where' r is the molecular radius, 
m 
In the computation of B, the average value of r obtained from 
the following expressions due to Schaafs and Rao was used, 
-schaafs = « ll-^t(l.^)^/2-l3 i ^/^ (19) 
-Rao = a {l"^[(l+-i-)^/2^l]^^/^ (20) 
where, 
R stands for the gas constant. 
The Vander Walls constant, b, of the molecule, assuming it to be 
: 10 : 
appioximately spherical is estimated from the relation, 
using the value of b thus evaluated, the molecular radius can 
be obtained from the relation, 
b = f n r„3 N (23) 
The ultrasonic velocity and density of a number of organic 
compoundsjt were measured in the temperature range, 10-80°C 
[The data obtained were subject to analysis following Schaafs 
collision factor theory]. It was found that in a series of iso-
meric compounds the velocity and density decreases in the order 
normeil > iso > secondary > tertiary isomers. So, it appears 
that the shape (geometry) of molecules(which have an effect on 
packing of the molecules in the liquid state) plays an important 
role in the propagation of ultrasonic waves. 
The molecules are treated as real non-elastic substances in 
the CFT. The results of the FLT and the CFT show better agree-
ment between the experimental and the theoretical values for molten 
4 
electrolytes • 
The ultrasonic velocity in molecular liquids was theoretically 
57 
evaluated by Rao et al using the significant structure theory 
(SST). Eyring et al^^'^^ successfully applied the SST to a few 
molten alkali halides and computed their thermodynamic properties 
: 11 : 
at different temperatures. Pandey used the SST to evaluate 
the altrasonic velocity in molten alkali halides by employing 
the relation, 
Afte;: some thermodynamic transformations, equation (24) can be 
rearranged to yield, 
U2 . -V. Y (-f-)T (25) 
whero Y = C C In terms of the partition function f; (dp/dv)^ 
and y are expressed as 
(^. )^ = kT ( ^ )^, and (26) 
^ r.-^ 2/dlnf x i 1 /d^lnfx-lr d $ ..^/dlnfN^ l2 
-^[kT^f dlnf v.T 
respectively. 
Accoiding to the SST, the partition function for the molten salts 
is given by, 
exp(E /2RT) (v/V ) ^ / ^ . , V-V ^ 2 
f = [ § T-§ i 1 + n ( Lis ) \ 
[l-exp(-a/T)]3 •- ~ ^ 
(27) 
X ,,„ i - ^ s(^/^s>'^' ..2NV /V 
^ ®^P ^  2RT(V-V3)/Vs J^ ^ 
Xt(^i!l.)N(V-V3)/V (,,,^ ) ^ l l - 9 ^ ( - ^ . 2)} "2 3 (28) 
: 12 : 
Thus, equation (25) with those of equations (26) and (28) 
can be used to obtain the ultrasonic velocity in molten salts. 
27 It has been already mentioned that the hard sphere model and 
the cellular hole model do not give satisfactory results for the 
ultrasonic velocities. For the theoretical evaluation of ultra-
sonic velocity using SST, equations (25) to (28) were employed. 
The necessary parameters needed for this computation were taken 
27 from the work of Eyring et al. When the SST was employed for 
calculating the ultrasonic velocity in various halides of 
sodium and potassium, the maximum deviation recorded from SST 
was 21.3 percent which was obtained in the case of KI at 954 K. 
It is noteworthy that the deviation from the SST decreases with 
increase in temperature in all the molten electrolytes examined. 
Consequently, the SST seems to be suited for the purpose at 
27 28 higher temperatures ' . 
The Carnahan-Starling rigid sphere equation has been used 
to calculate the acoustic velocity in various organic liquids. 
The agreement between the theoretical and experimental values is 
quite satisfactory. 
Carnaham-Starling (C-S) equation has been employed to 
obtaii the equilibrium thermodynamic properties of pure liquids, 
liquid mixtures and electrolytic solutions 
Various hard sphere models along with the Carnahan-Starling 
equations had been utilized for computing the isothermal com-
: 13 : 
pressibility of liquid neon between 25K and 37 K. In view of 
its applicability to a wide variety of systems, it has been 
employed to obtain the acoustic velocity of several organic 
liquids at different temperatures. 
Similarly, on the basis of molecular dynamics, results for 
the hard spheres virial coefficients, Carnahan and Starling 
obtaj.ned the equation 
where P is pressure, and Y is the dimensionless density equal 
to /dnfa , /*and 'a' being the density and the rigid sphere dia-
meter of the molecules of liquid. The acoustic velocity U, in 
liquids at different temperatures can be obtained by using the 
relations, 
U ^  ^  (30) 
r - c = °^  "^^ f3l) 
-p S ^^  ^'^^^ 
where C , C , ^ _ and a are the heat capacity at constant pressure, 
heat capacity at constant volume, isothermal compressibility and 
the thermal expansion coefficient using the C-S equation, the 
following expressions for -^., a and C - C are obtained 
15 := _ X _ =, Udnl (32) 
"^  "^^  1+4Y+4Y^-4Y^+Y'^ * 
a « -i- = ^'^^ 0^ 3 A * and (33) 
^ 1+4Y-I-4Y''-4Y''-I-Y^ 
: 14 I 
C - c - R (1+Y-hY^-Y^f (34) 
P "" (1-Y)2(1+4Y+4Y^-4Y^+Y'^) 
64 The most recent method for the evaluation of rigid sphere 
diamster, a, was given as, 
a5/2 . y _ ^ ( = ^ ) ^ / ^ (35) 
7.210x10-^ ^ c^ 
a stands for the surface tension and T^ for the critical tem-
perature. 
The calculated values of ultrasonic velocity using the C-S 
equai;ion for various organic liquids are found to be in good 
65 
agreement with those of the experimental values 
In the cases of binary mixtures of molten alkali nitrates, 
59 the ultrasonic velocities were measured by Ejima T , using 
BrilJuoin scattering spectroscopy, which indicated that a melt 
can fce treated as a typical ionic liquid, though it contains 
a ceitain amount of associated species. 
V.S. Soiktar and S.N. Jajoo carried out the ultrasonic 
measurements in three different aqueous salt systems, namely, 
(1) CuSO^ + NiSO^, (2) CuSO^ + Na2S04, and (3) CuSO^ + NaBr. 
The results were discussed in terms of the complex formation caused 
by the ionic association in systems 1 and 3, while no association 
was observed in that of system 2. 
17 V.A. Tabhane and B.A. Patki determined the velocity of 
ultrasonic waves in aqueous solutions of mixtures of KNO^+KNO^. 
: 15 : 
The velocity versus composition plots exhibit peaks at 
composition of XJ,WQ : XJ^Q =6:4 and 3:7. The observed 
variations in the behavior of several properties with temperature/ 
composition, e.g., compressibility and the relative association, 
etc, were discussed in the light of ion association leading to 
complex formation and its subsequent break-up at higher concen-
trat.'.ons of KNO^* The observations were of interest because of 
the {itructural instability noticed in the solution state of salts 
unlike the stability in their solid state. 
15 J.P. Petitet and L. Denielon described a method, in which 
the \'elocity of ultrasonic waves under pressure was used to 
determine the thermodynamic properties of alkali nitrates as a 
function of temperature and pressure. The equation of Tait with 
only one parameter, characteristic of each salt was used. The 
method helps in determining such data in the cases of molten 
salts even in the absence of experimentally obtainable values. 
5 4 
Srivastava and Pandey et al obtained the ultrasonic velocity 
of binary mixtures of molten electrolytes at different temperatures 
using the Nomoto and the ideal mixing relations. The agreement 
between the theoretical and the experimental values was found to 
be satisfactory. The excess free length for the system was also 
evaluated, and the non-ideality in mixtures was expressed in terms 
of U^ Ix?. . 
exp' im 
: 16 : 
4 An examination of the data shows that the minimum 
devieitions in the calculated values of the ultrasonic velocity 
using the Nomoto's relation and that of the ideal mixing 
relation obtained in the KCl-KBr system varies from 0.29 to 
1.3 6ind 0.03 to 0.29, respectively. However, in the case 
of NaCl-CsCl system, 4.7 to 6.15 and -12.6 to -41.9 are the 
maximum deviations recorded in the respective cases of the 
said two models. These results show that the deviations from 
the flomoto*s and the ideal mixing relations increase with 
4 increase in the non-ideality of the mixtures. The results of 
the F'LT and those of the CFT exhibit a better agreement between 
the experimental and the theoretical values. The minimum devi-
ations of these therories were found to be 0.9 (at 0.8 mole 
concentration of KCl) and 0.7 (at 0.2 mole concentration of KCl) 
in thie case of KCl-KBr system. Similarly, a number of 1:1 binary 
4 
mixtures of alkali halides were investigated and it was found 
that out of the said methods, the theoretical values of the 
ultrcisonic velocity obtained from the FLT were in better agree-
ment with those of the experimental values. The maximum deviation 
was found in the case of ideal mixing relation. In KCl-KBr 
system, the extent of interaction, being small, remains almost 
constant and does not vary much with the complosition variations 
of the mixture. The maximum deviation in U gj,n/U ^ from unity 
4 
was observed in NaCl-CsCI system in the higher CsCl concentration 
rang€!. It was found that the non-ideality increases on increasing 
: 17 : 
the cationic mass of the second component. 
Several theoretical and experimental investigations have 
revealed that a representation in terms of the derived para-
meters from the ultrasonic velocity such as the adiabatic com-
pressibility, ^ _» the molar sound velocity R, the intermolecular 
s 
free length, L^ , the solvation number, S , the excess volume, 
p 
Vr. and the relative association, RA, provide a better insight 
into the mechanism of intermolecular processes. 
The experimental values of ultrasonic velocities were used 
p 
for "he evaluation of ^s, R, Z, L^, Sn, RA and V^ as functions 
of concentration and temperature by employing the usual relations. 
p = U"^ /"-*- (36) 
5 
R = mf^^/f* = vxp-^^ (37) 
Z = U/ (38) 
L^ = KV^S (39) 
B = V^ ,-^ ^^  (40) 
Sn = n^ /^n^ d-^ g/^ j^ ) (41) 
v / . Vf - ( X^V^^+ X^ V^ ^^  (42) 
RA = - ^ (UQ/U) (43) 
: 18 : 
where ^, and ^ are the adiabatic compressibilities of the 
solvent and the solutions respectively; M is the molecular 
weight of the solution and K is a temperature dependent 
constant. 
21 
G. Maheshwari measured the ultrasonic velocity in the low 
melting binary mixtures of molten nitrates. The specific 
acoustic impedance, Z, was found to decrease with an increase in 
temperature in these mixtures. This may be attributed to a 
corresponding decrease innthe density of the melt with increase 
in temperature. The specific acoustic impedance for a solution 
is a function of both temperature and concentration. 
The values of RA do not seem to show effects of temperature 
unli.^ e that of composition variation, A variation of 30°C in 
temperature does not seem to affect the nature of intermolecular 
associations or in other words, a perceptible change is not 
recorded with variation in temperature unlike that of composition 
variation even though it is small. 
When ultrasonic velocities in aqueous solutions of various 
32 inorganic sulphates were measured it was found that the relative 
association increases linearly with increase in concentration at 
a given temperature and decreases with increase in temperature 
at all concentrations. Such a behavior apparently suggests an 
increase in the degree of dissociation of the aggregates of water 
molecules with increase in temperature. 
: 20 : 
The Auerbach relation for the ultrasonic velocity is, 
U = ( ''—^ y"'^ (47) 
6.3x10^ /* 
Using equations (44) to (46), the Auerbach relation yields 
, D*2 * 2/9 . ^/, ^1/3 , -wl/S-n P^  
6.3x10 V V^ *V^ /^ -l 
where M stands for the fractional decrease in the neighbourhood 
of a cell in the surface phase as compared to the bulk phase. 
The characteristic temperature and pressure of the mixtures 
were computed using the reduced equation of state [that is 
assumed to hold universally but that avoids the unrealistic para-
meterization of the intermolecular energy as stipulated by the 
theorem of the corresponding states], 
PV _ V 1 { AQ\ 
T V^' -1 V T 
The reduced quantities (volume, temperature and pressure) for 
the pure liquids are expressed as. 
<-»> V V = - ^ (50) 
V 
T = - ^ (51) 
T 
P 
P 
'P = - ^ (52) 
: 21 : 
* * * 
where V , T and P axe the corresponding characteristic 
quantities for the pure components. 
The reduced volume is obtained from the relation, 
v'l/3 1 aT /_,x 
^ -^ = 3(l+aT) ^^2) 
where a stands for the coefficient of thermal expansion at 
temperature T« The reduced temperature can be obtained with 
the lielp of reduced volume, 
T = ^ ^ ^ (54) 
The characteristic pressure is given by the relation, 
P* = Y/TV^ = - r ^ fp- (55) 
in which, 
wher€i Y is the thermal pressure coefficient. 
These parameters can also be given for the binary mixtures 
by extending the Flory theory. The observed reduced volume of 
a mixture is given as, 
'^ohA = ^ * '•^''^ 
! 22 : 
Simiilarly, the reduced temperature is expressed as, 
The characteristic parameters for the binary mixtures are 
expressed as follows: 
V = X^V^ + XjV^ (59) 
p* = <p,Pi*e,+ 9^^*e- cp^6yi,2 («'> 
T» = ( _ ^ i i _ , - i l - )-!( <P.P,%^J>/ .<?, B^Xij) (61) 
U ^2 
In these expressions, cp is the segment fraction, © is the site 
frac1,ion and^C^ ^^  the parameter which gives the difference in 
the energy of interaction between the neighbouring molecules of 
diff€Tent species and the average energy of interaction in the 
pure components of liquids. The subscripts 1 and 2 refer to 
the two components of the binary mixture. ^ ,<P t Q t S, and 
3C2 ^^® obtained from the relations, 
^ = 1- f, = ^ * (62) 
^ ^ '^- ^2+^l(^V*/V2 ) 
X,2 = Pi*U-(-\ )-^/^ ( -K )'^^f (64) 
^1 Pi 
: 23 : 
The thermal expansion coefficient at different temperatures 
and pressures were used to get the value.; of V. The value 
of V thus obtained was substituted in equation (55) along with 
the isothermal compressibility values at the corresponding 
* 
temperatures and pressures to get the P values, which in turn 
give P values by resort to equation (52;• T values at different 
temperatures and pressures, were obtained by substituting the 
values of P and V at the corresponding temperatures and pressures 
in equation (49). The characteristic volume and temperature 
were computed by substituting the values of V and T in equations 
(50) and (51), Using the above procedure, the reduced and the 
characteristic parameters are obtained. 
The ultrasonic velocity has been computed using the Flory 
19 theoiy in molten alkali halides at different temperatures . 
The aigreement between the theoretical and the experimental 
values of ultrasonic velocity in these molten electrolytes was 
quite satisfactory. The deviations in the two values may be 
partly due to the experimental uncertainties in the measurement 
of ultrasonic velocities and in the evaluation of other parameters 
used in computation. Keeping in view the various approximations 
involved in the theoretical approach, the success of the Flory 
theory in its application to molten salts is very encouraging. 
In evaluating the ultrasonic velocity using the Flory theory, 
the necessary parameters needed for the computation were taken 
3 
from the literature . 
: 24 : 
34-42 Successful attempts have been made to examine the 
Flory theory in the light of excess thermodynamic functions in 
binary liquid mixtures. This theory has been extended over 
broad ranges of pressure to compute the surface tension and 
ultrasonic velocity in liquid inert gases, fluid nitrogen and 
33 
watej'. The relevant data needed for the computation were 
43—46 taken from the literature 
The values of reduced and the characteristic parameters 
alone with the results of ultrasonic velocity and surface tension 
show that the maximum percentage deviation between the theoreti-
cal and the experimental values lies around 3 percent for all 
the inert gases as reported by Mishra • Values of M (fractional 
decreases in the neighbourhood of a cell in the surface phase as 
compared to the bulk phase) vary in the range 0.25 and 0,29 with 
varying temperature and pressure. Maximum deviations between 
the Calculated and the observed ultrasonic velocity is seen in 
the case of water. It seems to be due to the fact that water 
being strongly structured liquid does not strictly obey the 
theorem of the corresponding states which has been used as a 
basis in expressing surface tension in terms of the Flory theory. 
In this case, agreement between the theoretical and the experi-
mental values of ultrasonic velocity is excellent and thus 
demonstrates further the success of the Flory theory in explain-
ing such behaviors. 
: 25 : 
The surface tension has been found to decrease linearly 
with an increase in temperature and increase with an increase 
in solute concentration in molten salt systems studied 
21 
recently • The surface tension being a direct consequence of 
the Lntermolecular interactions in liquids, the associative 
interactions are affected by increase in temperature, which, 
therefore results in lowering the surface tension. In addition 
30 to Flory theory, cellular hole model had also been applied to 
molten electrolytes. 
Physical behavior of ionic liquids shows that the cell 
30 
modej. can be applied to them more accurately than to molecular 
liquj.ds. Thus, the ionic liquids may be treated as a simple cubic 
lattj.ce of crystal. In this way, as soon as it is assumed that 
the surface of an ionic liquid corresponds to that of a polar 
crystal, there will be no chance for the formation of a disconti-
nuous transition layer on the liquid surface, i.e., between the 
bulk of the liquid and the gaseous phase. The surface tension 
24 
of ionic liquids was also obtained from the relation, 
cf = C/V (65) 
3 
where C is a constant equal to 4.165x10 . This equation does 
not give satisfactory results for a, and therefore the cellular 
model may not be applied successfully for this purpose. However, 
when a volume correction factor, f, is introduced, a is expressed 
as, 
: 26 : 
r. - 4,165x10^ (..s 
^ = V(l~f) ^^ ^^  
wheie, value of the correction factor lies between 0.15 and 0,25. 
The a values obtained from the Flory theory are found to be 
somewhat larger than the experimental values for some alkali 
30 
halides . The results show a linear variation of reduced surface 
tension with temperature whereas the characteristic surface 
tension decreases non-linearly. 
The use of bulk properties to reduce the surface tension 
involves an assumption about the thickness of surface layer. This 
was taken by Roe to correspond to the dimension of the chain 
segment defined by C, which is sufficient segment of the chain 
to have three external degrees of freedom. Its characteristic 
intermolecular energy is U /Nc and the area taken up at the 
* 2/3 
surface is (V /N c) • These two quantities define reduced 
surfcice tension, 
a (n) (U /Nc)(V / N c ) ^ / ^ 
This equation may be rewritten as, 
cj ^j ; _ -*-* _ 1/3 *2/3 *i/3 ^°^'' 
31 Prigogine and Saraga have given a simple cell model theory of 
the sjrface tension of spherical molecule liquid. For its extensic 
: 27 : 
to chain molecule case, a segment in moving from the bulk to 
the surface, experiences an increase in the configurational 
energy due to the loss of a fraction M of its nearest neighbours 
at the surface. The cell partition function, 4^ , of a segment 
at the surface is increased due to the loss of constraining 
nearest neighbours in one direction, so that 
-Tilnir^= (vl/^-0.5b)/(vl/3.j^) (69) 
where b is a packing factor. 
IVhen ultrasonic velocities in aqueous solutions of various 
32 
inorganic sulphates were taken"" , variation of ultrasonic velo-
city with temperature is found to be parabolic in all the solutions 
At higher temperatures, the variation in the ultrasonic velocity 
and the adiabatic compressibility is less. According to Marks, 
the velocity temperature curves for aqueous solutions of sul-
phate;; resemble that of water with a shift of the maximum of 
velociity towards lower temperatures with increasing concentrations 
of the electrolyte in solution. 
K>ignificant structure theory and the Flory theory had been 
applied successfully to evaluate the ultrasonic velocities in 
alkali halides . Flory theory was found to give better estimates 
and the theoretical results were in good agreement with the 
experimental findings. The necessary parameters needed for the 
3 '• 
computation were taken from the literature • It has been mentioned*" 
*: 28 : 
that the hard sphere and the cellular hole models do not give 
satisfactory results for the ultrasonic velocities. Both the 
theories show a regular decrease in the ultrasonic velocity 
with increase in temperature, which is in agreement with the 
experimental observations. Considering the various assumptions 
3 28 
and their limitations inherent in the SST * the agreement 
betw(»en the theoretical and the experimental values in the case 
of molten salt systems in fairly good. The Flory theory need 
not be resticted to molecular liquids but can be very well applied 
to molten electrolytes. However, the SST is found to underesti-
3 
mate the ultrasonic velocity in these salts . 
The reduced volume of mixtures can also be obtained by 
A-/ 
expressing the ideal reduced volume, Vo, as, 
'Vo = H'.V^  * % V 2 (70) 
/%/ 
V.J and the excess reduced volume are related to each other in 
the fallowing manner, 
p 
Obd 0 y * y * 
^ r i ^ '2^2 
EquatiLons (70) and (71) give. 
V^ = i'^iVi* + ^2^2*) t v ' - ( V / + ^ ^ 2 * ) ] (72) 
14 The e>cess volume of mixing has been used q u a l i t a t i v e l y t o 
; 29 : 
investigate the extent of complexation in binary liquid 
mixtures of non-electrolytes. It has been found that the 
E 
values of V are generally laarge and positive if the inter-
actiDn among the molecular components is weak while the 
E 
valuss of V are found to be negative when the interactions 
22 23 
are strong * 
Excess viscosity is obtained as, 
Zi:.n T} = In r)^^^ - (x^ln T)^ + x^ In r^^) (73) 
Positive sign of the excess viscosity suggests the presence of 
24 
strong interactions between unlike molecules and its magnitude 
seemsi to be proportional to the strength of interaction. The 
positive deviation from the dependence of viscosity on mole 
fraction indicates strong interaction while the presence of 
maxiira shows complex formation. The negative deviation, however, 
shows the presence of dispersive forces. 
25 
Pandey et al studied the viscosities of molten (Li-Na)N02 
system due to the symmetrical shape of the ions and small 
difference in the free volume of the components. Both these 
factors are known to be essential for describing such behaviours 
satisfactorily. Free volume difference is essential in deter-
mining the viscosities of the mixtures. There is a diverse contri-
bution from the free volume difference, the more volatile compound 
: 30 : 
is condensed in the presence of denser one or its free volume 
is reduced. As a result there is negative contribution to 
the heats of mixing and the entropy of mixing. 
The excess viscosity is related to the free energy of 
mixiig by, 
^h-x T) = — r = + ;:; - ::y^^ - -^j^— (74) 
^^ V-1 V^ -1 Vj-l 
wheru V is the reduced volume of the mixture and ^Gm is the 
free energy of mixing, expressed as, 
iSkGm = XnP *V,* ( -~- - - i - ) + sT, In ( J{j^ ' ) + 
1 1 i y_^  V ^ V-^'^  -1 
*r 1 ^ 'vL^ '^ -^l x,I^ , V* X,^ 
^2V^2 ^^77^) + 3 T^ m (;:f7^  ) + ^ ^ J^ ^^3 (75) 
^ ^ "^ Vg-V ^ V^^-^-l Vj^  
calculated values of viscosity and excess viscosity of (Li-Na)N02 
25 
system agree well with those of the experimental values . 
With increase in temperature, viscosity decreases. As the 
concentration of the heavy component increases, viscosity increases 
because the empty sites afforded by the second component gradually 
fill up, thus reducing the available free space for the molecules 
to move about. 
The excess adiabatic compressibility of mixtures is given by. 
: 31 : 
p 
The concentration dependence of ^  has been explained in 
the form of an empirical equation of polynomial type, 
n-1 
8 ^  = x(l-^) ^ Ai (2x-l)^ (77) 
i=o 
in which Ai*s are the empirical constants. The excess isothermal 
compressibility is given as follows : 
T^^  = ^f^^f-i%^\. ' ^  ( Vl^ T^ ^^  ^  V2^T^2)] (78) 
^ P [1-3(V^^ -1)] V ^ ^ ^ ^ ^ ^ 
where ^j(l) and ^ ~(2) are the isothermal compressibilities of 
components 1 and 2, respectively. 
In several binary mixtures of alkali halides, the excess 
volume values are all positive. This has been attributed to 
purely geometric effects,, in that the mixing of spheres of 
different radii result in a volume increase and thus a positive 
excess volume results. In the mixture, MgCl2-BaCl2» however, the 
negative values were obtained v/hich were explained in terms of 
an increase in volume on melting. For MgCl2 the increase in holes 
volume was 30.46 percent, whereas for BaCl2 the increase was 3.5 
percent. On mixing, the second component fills the holes of the 
: 32 : 
first, thus resulting in a volume less than the additive 
volume. 
The sign agreement can be explained on studying the relation 
r; P 
ship between the V and the ^j. . If the volume increases on 
mixing, then the mixture can be compressed to a greater extent, 
E thus reducing the values of ^~ to be positive. This is noticed 
in the cases of several binary alkali halides, where the increase 
p 
in volume due to the geometric effects renders p~. to become 
positive. 
51 Recently Z. Junjie has proposed an equation for the 
evaluation of ultrasonic velocities in binary mixtures, the use 
of which reproduces the experimental data better than does the 
Flory theory. 
52 Dewan and others have extended the Junjie's equation for 
predicting the ultrasonic velocity in ternary mixtures. The 
ultrasonic velocity was also calculated using the relation, 
U-2 = . - f ( - ^ ) (79) 
The molar and the excess volumes for the ternary mixtures were 
calculated from the following expressions : 
3 
V = ( ^ Xi Ni)/j5 (80) 
i=l 
3 
V^ = V - ( ^ ^i Vi) (81) 
i=l 
: 33 : 
and, 
Vi = Mi/A (82) 
The ultrasonic velocity can be calculated using equations (79) 
to (82) neglecting the excess molar volume and its derivatives 
by U!;ing the equation (83) 
3 3 • 3 
:.=1 i=l i=l 
52 The results of the calculation of ultrasonic velocity 
show that the agreement between the experimental and calculated 
values is extremely good. Deviations between the calculated and 
experimental values are not more than 2 percent in all the 
tenary mixtures. As the investigated ternary mixtures covered 
a wice range of components, it was concluded that equation (83) 
may te found to be of great applicability for the prediction of 
ultrasonic velocity in multicomponent mixtures. 
21 G. Maheshwari carried out the measurements of ultrasonic 
velocities in three binary molten nitrate mixtures viz. 
Ca(N03)2 4.31 H2O - Cd(N03)2 4.34 H^O, Zn(N03)2 6.33 H2O -
Ca(N03)2 4.1 H2O and Zn(N03)2 6.16 H2O - Cd(N03)2 4.1 H2O. 
The ultrasonic velocities were found to decrease with increase 
in temperature. The ultrasonic values obtained by using the 
21 Nomoto equation were found to be in good agreement with those 
of the experimental ones (Table 1). Similarly, good agreement 
was also found with those of the Van Dael and Vangeel and the 
collision factor theory while the Jacobson's theory failed to 
account for the behavior of such systems. 
The molar ultrasonic velocities of these molten salt systems 
: 34 : 
21 
were found to vary with composition unlike that of temperature 
(Table 2), 
The molar adiabatic compressibility increases with increase 
in temperature, even though such an increase is very small. In 
molten Ca(N03)2 4.31 HgO - Cd(m^)^ 4.34 H2O, ZnCNO^)^ 6.33 H2O -
Ca(N03)2 4.1 H2O and Zn(N03)2 6.16 H2O - Cd(N03)2 4.1 H2O systems, 
increase in B values were 0.26 percent, 0.47 percent and 0.5 
21 percent, respectively. B values were found to be affected by 
variations in composition also. 
The slope of the apparent molar compressibility versus the 
square root of concentration was found to decrease with increase 
32 in temperature for aqueous solutions of inorganic sulphates . 
The variation of compressibility with concentration is regular 
and decreases with increase in concentration at a temperature 
for the solutions of electrolytes. 
The excess adiabatic compressibility of molten Ca(N03) 4,31 
H2O - Cd (N03)2 4.34 H2O, Zn(N03)2 6.33 H2O - Ca(N03)2 4.1 H2O 
and Zn(N03)2 6.16 H2O - Cd (N03)2 4.1 H2O systems were found to 
21 
be negative (Table 3) suggesting the presence of strong inter-
molecular interactions between the components of the mixtures., 
p 
It is noticed that B is not affected significantly with 
temperature. This implies that temperature variations do not 
affect the intermolecular associations significantly unlike that 
: 35 : 
of composition variation. The presence of minima at 0,554 
and 0.604 mole fractions of ca"*"*" and Ca"*^ , respectively 
suggest the likelihood of involving a reasonably large number 
of molecular/ionic entities in maximum association at these 
conc€fntrations. 
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